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Abstract
The intestinal microbiome (IM) is altered in patients with cirrhosis, and emerging literature suggests that this impacts on the development of complications. The PubMed database was searched from January 2000 to May 2015 for studies and review articles on the composition, pathophysiologic effects and therapeutic modulation of the IM in cirrhosis. The following combination of relevant text words and MeSH terms were used, namely intestinal microbiome, microbiota, or dysbiosis, and cirrhosis, encephalopathy, spontaneous bacterial peritonitis, hepatorenal syndrome, variceal bleeding, hepatopulmonary syndrome, portopulmonary hypertension and hepatocellular carcinoma. The search results were evaluated for pertinence to the subject of IM and cirrhosis, as well as for quality of study design. The IM in cirrhosis is characterized by a decreased proportion of Bacteroides and Lactobacilli , and an increased proportion of Enterobacteriaceae compared to healthy controls. Except for alcoholic cirrhosis, the composition of the IM in cirrhosis is not affected by the etiology of the liver disease. The percentage of Enterobacteriaceae increases with worsening liver disease severity and decompensation and is associated with bacteremia, spontaneous bacterial peritonitis and hepatic encephalopathy. Lactulose, rifaximin and Lactobacillus-containing probiotics have been shown to partially reverse the cirrhosis associated enteric dysbiosis, in conjunction with improvement in encephalopathy. The IM is altered in cirrhosis, and this may contribute to the development of complications associated with end-stage liver disease. Therapies such as lactulose, rifaximin and probiotics may, at least partially, reverse the cirrhosisassociated changes in the IM. This, in turn, may prevent or alleviate the severity of complications.
INTRODUCTION
Emerging literature has demonstrated that the intestinal microbiome (IM) plays an important role in health and disease. The intestine of a healthy adult harbors 100 trillion intestinal bacteria, and at least 500 different species have been identified with novel molecular biology techniques that allow for sequencing of whole genomes of the IM [1, 2] . The healthy adult IM consists principally of Bacteroides and Firmicutes, which together comprise over 90% of the bacteria present in the colon [3] . The Bacteroides are Gram-negative, anaerobic, non-sporeforming bacteria, and especially produce carbohydratedegrading enzymes, whereas the Firmicutes are Grampositive, anaerobic, spore-forming bacteria, that ferment simple sugars leading to the production of short-chain fatty acids such as butyrate, acetate and propionate [4] . The concentrations of bacteria progressively increase from the proximal to the distal digestive tract, from a maximum of 10 3 bacteria/mL in the stomach to 10 12 bacteria/mL in the colon [5] . The IM has various functions that affect biochemical, metabolic and physiologic processes both within the intestine and elsewhere in the body [6] . These physiologic functions include the digestion of nutrients, with bacterial disaccharidases transforming unabsorbed dietary sugars to short chain fatty acids (SCFA) [7] . These SCFA can be used as a source of energy by the human body, as they are absorbed through the colon. In addition, butyrate and acetate can be a source of fuel for the enterocytes [8] , affect lipid metabolism [9] , and have anti-inflammatory effects [10] . Intestinal bacteria can also produce vitamins such as folate and vitamin K [11, 12] , which are absorbed into the bloodstream [12] . Additionally, the presence of the physiologic IM within the intestinal milieu prevents colonization by pathogenic bacteria and decreases intestinal permeability [8] . Crosstalk between bacteria and enterocytes via binding sites and Toll-like receptors help distinguish commensal from pathogenic bacteria [13] . The microbiota then generate an immune response to pathogenic bacteria, and enable oral tolerance by preventing a reaction to dietary protein antigens. Many endogenous bacteria can produce bacteriocins that hinder replication of pathogenic bacterial species [14] . Additionally, commensal microbiota have been shown to promote regulatory T cell function [15] and maturation of natural killer T cells [16] . Finally, many medications including digoxin, opiates, hormones and various antibiotics are transformed into their active forms through intestinal bacterial metabolism. Bacterial deconjugation of glucuronide, sulfate and cysteine conjugates decreases the polarity of drugs, and enables enterohepatic circulation, reabsorption, and prolonged retention [17] . One prime example of a compound whose bacterial metabolism is essential to its activity is sulfasalazine, which is broken down into 5-aminosalicylic acid and sulfapyridine [18] . Additionally, the effects of anticancer immunotherapy can be modulated by the intestinal microbiota. The antitumor effects of CTLA4 blockade were shown to be dependent on specific Bacteroides species [19] . Bacterial growth and functions may be affected by several physiologic and anatomic conditions in the GI tract such as peristalsis (may inhibit mucosal attachment of ingested bacteria), the presence of gastric acid and bile (toxic effects), the presence of proteolytic enzymes (degradation of bacteria), the intestinal mucus layer (trapping of bacteria), the ileocecal valve preventing retrograde bacterial translocation [20, 21] , and secretory IgA inhibiting bacterial proliferation [22] . Changes in small intestinal and colonic motility, gastric acid secretion, bile flow/composition, and the intestinal innate immune response can impact bacterial composition and lead to overgrowth [23] . In addition, external factors such as diet [24] , antibiotic use [25] and other environmental factors [26] affect IM composition. IM composition can also be affected by disease states and vice versa, as shown in various types of autoimmune, metabolic and malignant conditions including colon and gynecologic cancers [3, [27] [28] [29] [30] . Intestinal microbial dysbiosis, with both qualitative and quantitative changes in bacterial species, has also been associated with the development of obesity [31] , diabetes [32] , metabolic syndrome [33] and inflammatory bowel disease [34] . In relation to liver disease, recent studies have reported differences in the IM associated with non-alcoholic fatty liver disease (NAFLD) [35, 36] , alcoholic liver disease [37] and liver cancer [38] . The IM composition in cirrhosis has been shown to be associated with the development of complications, particularly spontaneous bacterial peritonitis and encephalopathy. The goal of this review is to highlight the unique composition of the IM in cirrhosis, its underlying pathophysiology, and its association with clinical manifestations and complications of cirrhosis. Additionally, we will review therapeutic strategies in cirrhosis aimed at restoring a healthy microbiome and at reducing complications.
RESEARCH AND LITERATURE
The PubMed database was searched from 2000 to May 2015 for studies on the causes, outcomes and modulation of the IM in cirrhosis. The following combination of relevant text words and MeSH terms were used: "IM", microbiome, microbiota, or dysbiosis, and cirrhosis, encephalopathy, spontaneous bacterial peritonitis, hepatorenal syndrome, variceal bleeding, hepatopulmonary syndrome, portopulmonary hypertension and Hepatocellular carcinoma (HCC). Our search included both original and review articles as well as letters to the editor. We (Mamatha Bhat and Venkat Bhat) obtained 369 abstracts, manually searching the abstracts for pertinence to the subject of IM and cirrhosis. This resulted in 46 entries that provided information on the etiology, pathophysiology, characterization of the IM, and management of enteric dysbiosis in cirrhosis. Table 1 summarizes the results of our systematic review.
ENTERIC DYSBIOSIS IN LIVER DISEASE
Emerging literature suggests that the IM is not only altered in liver disease of various etiologies, but that this dysbiosis may play an etiopathogenetic role. For example, dysbiosis may contribute to NAFLD [35, 39] by contributing to enhanced hepatic fat accumulation [39] . In a cross-sectional study, patients with non-alcoholic steatohepatitis (NASH) had a significantly lower percentage of Bacteroides in their stool [35] compared to patients with simple steatosis and healthy controls, although a cause-effect relationship could not be established. Mechanisms engendered by microbial genes, such as an increase in appetite signaling, energy extraction from the diet, and expression of lipogenic genes likely contribute to enhanced hepatic fat accumulation [31, 40] . In addition, hepatic inflammation and fibrosis in patients with NASH are thought to occur due to bacterial translocation of intestine-derived microbial products (including endotoxin) and activation of Toll-like receptor (TLR) signaling [41, 42] . This results in stimulation of hepatic stellate cell activity, with subsequent liver fibrogenesis [43] . The role of bacterial lipopolysaccharide (endotoxin) in fibrogenesis has been confirmed in mouse models, where TLR4 knockout significantly decreased expression of markers for liver fibrosis such as collagen, α-smooth muscle actin, procollagen-I, transforming growth factor-β1 and matrix metalloproteinase-2 [44] . It is thought that enteric dysbiosis in the context of liver disease of any etiology contributes through the above mechanism to liver disease progression.
CHARACTERIZATION OF IM IN CIRRHOSIS

Evidence of bacterial overgrowth in cirrhosis
Patients with cirrhosis have both qualitative and quantitative changes in their gut microbiota [45] [46] [47] . Small intestinal bacterial overgrowth, defined as >10 5 CFU/mL and/or the presence of colonic bacteria in upper jejunal aspirate, is present in 48% to 73% of cirrhotic patients [48, 49] . Impaired small intestinal motility [50] , decreased bile flow [51] , and dysregulated secretion of immunoglobulin A [51] and antimicrobial molecules [52] all contribute to small intestinal bacterial overgrowth in patients with cirrhosis ( Figure 1 ).
IM composition in cirrhosis
In addition to this increased bacterial burden, taxonomic
Patient population Changes in IM
Healthy patients Comprised principally of Bacteroides and Firmicutes (over 90% of IM) [3] Compensated cirrhosis Higher Enterobacteriaceae, Staphylococcaeae, and Enterococcaceae [53, 55, 56] Decreased Lachnospiraceae, Ruminococcaceae, Clostridiales XIV, Bacteroides, Faecalibacterium prausnitzii and Coprococcus comes [45, 53, 55, 56] Alcoholic cirrhosis Higher Enterobacteriaceae and endotoxemia compared to other cirrhosis [46] Decompensated cirrhosis Enterobacteriaceae species correlated with increasing MELD score, Ruminococcaceae species associated with lower MELD scores [56] Overt hepatic encephalopathy Higher Enterobacteriaceae [57] Hepatorenal syndrome No established data Hepatocellular carcinoma
No established data Therapeutic strategies and effects on IM Lactulose No RCT or prospective studies of microbiome Decreased urea-producing Klebsiella and Proteus species, increased non-urease-producing lactobacilli [70] Rifaximin Improved cognitive function due to change in microbiome-metabolome correlation networks, particularly Enterobacteriaceae Probiotics Decreased risk of endotoxemia, TNF-α [74] Enteric dysbiosis reduced, relatively decreased proportion of Enterobacteriaceae and Porphyromonadaceae [74, 75] Fecal microbiota transplantation Case report data [76] Resolution of hepatic encephalopathy with healthy IM transfer, however IM not characterized differences in the fecal microbial communities have been demonstrated [51, [53] [54] [55] [56] . Patients with cirrhosis commonly have decreased proportions of beneficial, autochthonous taxa, such as Lachnospiraceae, Ruminococcaceae and Clostridiales XIV. There is a relative overgrowth of potentially pathogenic bacteria such as Enterobacteria ceae, Staphylococcaeae, and Enterococcaceae, whose abundance correlates with disease progression and endotoxemia [53, 55, 56] . A recent study comparing the microbiome in cirrhosis vs healthy controls revealed that the beneficial Bacteroides genus was significantly decreased in patients with cirrhosis [24] . Additional bacterial species that enrich the health and diversity of the microbiome, such as Faecalibacterium prausnitzii (anti-inflammatory properties) and Coprococcus comes (butyrate production) were found to occupy a relatively lower proportion of the microbiome in cirrhosis [41] . Most studies have shown that the etiology of cirrhosis does not affect taxonomic composition, with similar fecal microbial communities across the spectrum of liver disease etiologies [51, 57] . Recently however, the pattern of dysbiosis has been reported to be slightly different in alcoholic cirrhosis, with higher Enterobacteriaceae and a higher proportion of patients with endotoxemia compared to cirrhotic patients of nonalcoholic etiologies. This held true after adjusting for severity of disease (MELD score) and abstinence [42] .
Mechanisms associated with dysbiosis in cirrhosis
The beneficial, autochthonous taxa of the IM generate SCFA that sustain colonocytes and decrease inflammation, in addition to anti-bacterial peptides that help prevent colonization by pathogenic taxa and reinforce the intestinal barrier [58] . The decreased presence of certain benign bacteria is thought to be due to decreased bile acid production in cirrhosis. This environment allows pathogenic bacteria to thrive and outgrow the "beneficial" species [6] . The combination of a decreased, "leaky" intestinal barrier with increased endotoxin production by pathogenic taxa such as the Enterobacteriaceae can lead to endotoxemia [41] .
IM and severity of cirrhosis
The IM composition appears to vary with the severity of cirrhosis and the presence of complications. The increased presence of the Streptococaceae taxon has been correlated with worsening Child-Pugh score, whereas the Lachnospiraceae taxon was associated with less severe disease [53] . However, the Child-Pugh score includes hepatic encephalopathy as a component, and encephalopathy itself is associated with a distinct IM as described further below. Later studies of the IM in cirrhotics have therefore employed the MELD score, in order to allow for simple correlation of the IM with severity of liver dysfunction. Enterobacteriaceae species have been reported to be associated with higher MELD scores, whereas the Ruminococcaceae species have been associated with lower MELD scores [56] . A study of the IM in patients with advanced liver disease revealed that decreased abundance of Bifidobacterium and increased abundance of Enterococcus were associated with increasing liver dysfunction [59] . The term "cirrhosis dysbiosis ratio" was coined to describe the ratio of autochthonous taxa (taxa that are benign and usually present in the gut such as Ruminococcaceae, Lachnospiraceae, and Clostridiales) to non-autochthonous ones (Enterobac teriaceae and Bacteroidaceae). This ratio was highest among healthy individuals as expected, and decreased with worsening MELD score and degree of hepatic decompensation [57] . Those with compensated cirrhosis had a cirrhosis-dysbiosis ratio of 0.89, whereas those with decompensated cirrhosis had a ratio of 0.66, and patients hospitalized for cirrhosis related complications had a ratio of 0.32 (P < 0.0001). An increase in the relative abundance of pathogenic bacteria was associated with the development of complications such as hepatic encephalopathy. Liver disease stability over months was associated with a stable cirrhosis-dysbiosis ratio [57] . Interestingly, salivary dysbiosis is concomitantly present with enteric dysbiosis, with a relative increased abundance of Enterobacteriaceae and decrease in autochthonous species [60] . Dysbiosis of the salivary microbiome was particularly pronounced in patients requiring 90-d liver-related hospitalizations. Thus, the salivary microbiome may serve as a substitute for the IM, and would be an easier sample to obtain.
Patients with cirrhosis show changes in both serum and fecal bile acids, which results from decreased liver synthetic function, altered enterohepatic circulation and altered IM composition. Overgrowth of Enterobacteriaceae leads to impaired conversion of primary to secondary bile acids [61] . This results in a decreased ratio of secondary to primary bile acids, along with a reduced overall fecal bile acid concentration, which correlate with increasing severity of liver disease. These findings are accompanied by a concomitant increase in serum bile acids [61] .
IMPACT OF MICROBIOME ON
COMPLICATIONS OF CIRRHOSIS
IM and sepsis
Complications of end-stage liver disease, such as spontaneous bacterial peritonitis and hepatic encephalopathy, have been linked to pathological bacterial translocation. The translocation of bacteria or their products (such as muramyl-dipeptides, lipopolysaccharides (endotoxin), peptidoglycans and bacterial DNA) from the intestine to the mesenteric lymph nodes is a normal physiological process that bolsters host immunity [62] . Pathological bacterial translocation occurs due to an increase in the rate or degree of translocation. This is the case in cirrhosis, given the leaky intestinal barrier and relatively immunodeficient state [49] . The bacteria causing SBP are mostly gram-negative bacilli such as Escherichia coli and other members of the Enteriobacteriaceae family (Proteus, Klebsiella and Enterobacter), which are present in higher abundance in the gut microbiota of cirrhotic patients [51, 53, 55, 56] . Migration of these bacteria to the peritoneal cavity or systemic circulation results in peritonitis and bacteremia, respectively. Pathological bacterial translocation triggers inflammation and the hyperdynamic circulation of cirrhosis that contributes to portal hypertension. These in turn result in serious systemic infections with up to 38% mortality [6, 63] . Therefore, translocation of bacteria from an altered IM represents an important determinant of mortality in cirrhotic patients.
IM and hepatic encephalopathy
The IM contributes to development of hepatic encephalopathy through ammoniagenesis and an endotoxindriven inflammatory response. Additional compounds produced by the microbiota, such as mercaptans, phenols, short-and medium-chain fatty acids and benzodiazepinelike compounds, potentially contribute as well [2] . In a metagenomic study of the microbiome in cirrhosis, Qin et al [64] performed in-depth assessment of functions of the microbiome enriched in liver cirrhosis. In cirrhosis, bacterial genes involved in the assimilation or dissimilation of nitrate to or from ammonia, denitrification, gammaaminobutyric acid biosynthesis, and amino acid transport were highly represented [64] . Additionally, manganeserelated transport system modules were enriched in the IM of patients with cirrhosis [64] . This may be associated with manganese accumulation within the basal ganglia of cirrhotic patients, which is thought to contribute to hepatic encephalopathy [65] . A patient discrimination index was developed based on a group of 15 bacterial species, and it was highly accurate as a biomarker for cirrhosis. In addition to the enteric dysbiosis described above, altered intestinal permeability results in translocation of bacteria and their products, which has an important effect on the progression of cirrhosis [66] .
IM and hepatocellular carcinoma
HCC is another complication of cirrhosis whose development may be influenced by the altered IM in the cirrhotic patient [67] , although there is no concrete evidence as yet. It is well known that chronic inflammation can foster the initiation and progression of malignancies. Translocation of intestinal bacteria can lead to hepatic inflammation, with release of key inflammatory mediators such as NFkB and TLR4. Downregulation of the NF-kB signaling pathway in vivo (by ablating the protein that activates this transcription factor) was shown to sequentially induce NAFLD, fibrosis and finally HCC [68] . TLR4 and the IM contributed to tumor progression in an HCC mouse model, and have therefore been proposed as chemopreventive targets [69] . This study suggests that the IM may have adverse effects on hepatic stellate cell function, activating the release of inflammatory mediators that promote HCC development.
MODULATION OF IM IN CIRRHOSIS
Lactulose
The longstanding practice of treating hepatic encephalopathy with lactulose not only decreases ammonia absorption, but also results in modulation of the IM with decreased ammonia production [70] . Lactulose acidifies the colonic pH, which renders the environment hostile to the urease-producing Klebsiella and Proteus species. Conversely, the intestinal lumen becomes friendlier to non-urease-producing lactobacilli and bifidobacteria.
The end-result of these changes in the microbiome is decreased ammonia production [71] .
Antibiotics
Antibiotics such as neomycin, metronidazole and ciprofloxacin have been used in the past to treat hepatic encephalopathy, although the IM was never characterized in this context. More recently, rifaximin has been offered to patients with lactulose-resistant hepatic encephalopathy. In a prospective, open-label study, 20 cirrhotic patients with minimal hepatic encephalopathy were treated with rifaximin 550 mg twice daily for 8 wk [72] . The IM, serum metabolome, and cognitive function were assessed before and after rifaximin treatment in all 20 patients. Although a significant improvement in cognitive function and endotoxemia was seen, the composition of the IM was not distinctly different. Rather, there was a shift from pathogenic to beneficial metabolite linkages around pathogenic bacterial species (Enterobacteriaceae and Porphyromonadaceae). Therefore, although the IM composition itself was not altered, the metabolic profile produced by the pathogenic species was more beneficial. On the other hand, the correlation networks around the autochthonous bacteria (looking at the interactions between the microbiome and metabolome) remained the same. This study therefore illustrated how rifaximin could alter intestinal microbial linkages with metabolites, without any significant effect on microbial composition or abundance per se [72] .
Probiotics
The effect of probiotic therapy on the IM in cirrhotic patients has also been studied [73] . One appealing benefit of probiotics is their excellent safety profile. A phase I, 8-wk, randomized controlled trial of the probiotic Lactobacillus GG in 30 patients with minimal hepatic encephalopathy revealed that it was safe and welltolerated, while decreasing the risk of endotoxemia and lowering TNF-α in the serum, plasma and liver [74] . Enteric dysbiosis was reduced, with a relatively decreased proportion of Enterobacteriaceae and Porphy romonadaceae (both associated with worse disease in cirrhosis). Conversely, the abundance of autochthonous species like Lachnospiraceae, Ruminococcaceae, and Clostridiales XIV increased. There was no change in the Lactobacillaceae abundance, and it was hypothesized that this species either promoted colonization by beneficial microbiota or enhanced intestinal epithelial function and the immune system, thereby displacing pathogens [74] . Additionally, changes in metabolites related to amino acid, vitamin and secondary bile acid were found. Cognition however was not improved, although this trial was a phase I study without the statistical power to determine this outcome [72, 74] . A second randomized, double-blind, placebo-controlled trial of VSL#3 daily for 6 mo assessed the probiotic's efficacy in preventing recurrent encephalopathy, reducing severity of liver disease and reducing hospitalizations [75] .
There was a tendency towards decreased episodes of recurrent encephalopathy (primary outcome), with 34.8% in the probiotic group vs 51.6% in the placebo group (P = 0.12). In addition, there was a significantly reduced risk of hospitalization, as well as improved Child-Pugh and MELD scores with daily use of VSL#3.
Fecal microbiota transplantation
This is a potentially interesting approach to addressing enteric dysbiosis, although the only evidence to date is a single case report where healthy gut microbiota transfer was used to treat hepatic encephalopathy [76] . This was recently described in a case report of a patient with Grade 1-2 encephalopathy not responsive to lactulose, and unable to afford rifaximin. Fecal microbiota from a healthy stool donor was transplanted into the patient by colonoscopy and by retention enemas weekly over a 5-wk period. The patient's alertness, as well as his performance on measures of encephalopathy (inhibitory control test and Stroop test) significantly improved and normalized. This case demonstrates that fecal microbiota transplantation is a plausible strategy in treating mild encephalopathy by correcting enteric dysbiosis, although further larger-scale studies are required.
In summary, the IM is significantly altered in cirrhosis, with a decrease in beneficial, autochthonous bacterial species such as Bacteroides, and an increase in pathogenic bacteria such as the Enterobacteriaceae. Except for alcoholic liver disease, IM composition appears to be similar across etiologies of hepatic cirrhosis. The dysregulated IM likely is associated with and may contribute to the development of complications of endstage liver disease, including hyperdynamic circulation, portal hypertension, bacteremia, spontaneous bacterial peritonitis, and encephalopathy. The role of the IM in the development of hepatorenal syndrome and HCC is suspected, but not yet elucidated. Treatment with lactulose, antibiotics, and probiotics may be effective in preventing or improving these complications by targeting the enteric dysbiosis.
